Doppler scale estimation is one critical step needed by the resampling operation in acoustic communication receivers. In this paper, we compare different Doppler scale estimation methods using either cyclic-prefixed (CP) or zero-padded (ZP) orthogonal-frequency division-multiplexing (OFDM) waveforms. For a CP-OFDM preamble, a self-correlation method allows for blind Doppler scale estimation based on an embedded repetition structure while a cross-correlation method is available with the knowledge of the waveform. For each received ZP-OFDM block, the existence of null subcarriers allows for blind Doppler scale estimation. In addition, a pilot-aided method and a decision-aided method are applicable based on cross-correlation with templates constructed from symbols on pilot subcarriers only and from symbols on all subcarriers after data decoding, respectively. This paper carries out extensive comparisons among these methods using both simulated and real experimental data. Further, the applicabilities of these methods to distributed multiuser systems are investigated.
I. INTRODUCTION
Underwater acoustic communications and networking have been under extensive investigation in recent years [1] , [2] . Considerable progress on the physical layer communication techniques has been made for both single-carrier and multicarrier communications; see, e.g. [3] - [19] .
Relative to the radio channel which has relative short delay spread and slow time-variation, underwater acoustic channels typically exhibit long delay spread and fast time-variation. The latter brings significant Doppler effects to underwater acoustic communication systems, hence estimation of the Doppler scaling factor is one key receiver module [4] , [20] , [21] .
Typically, Doppler scale estimation is accomplished by inserting waveforms known to the receiver during the data transmission. Two popular approaches are described in the following
• One approach is to use a pulse train which is formed by the repetition of a Dopplerinsensitive waveform [23] , such as linear-frequency modulated (LFM) waveform [24] and hyperbolic-frequency modulated (HFM) waveform [25] . A transmission format with one preamble and one postamble around the data burst is usually adopted [4] , [20] , [22] , as shown in Fig. 1 . At the receiver side, by detecting the times-of-arrival of the preamble and postamble, thus the interval change in-between, an average Doppler scale estimate over the whole data burst can be obtained. Thanks to the Doppler-insensitive property of the waveforms, a single-branch matched-filtering operation is adequate even in the presence of Doppler distortion. However, this method is only suitable for offline processing due to the processing delay.
• The other approach is to use a Doppler-sensitive waveform with a thumb-tack ambiguity function. A Doppler-sensitive waveform is usually transmitted as a preamble prior to the data burst, as shown in Fig. 1 . At the receiver side, a bank of correlators correlate the received signal with preambles pre-scaled by different Doppler scaling factors, and the branch with the largest correlation peak provides the estimated Doppler scale [22] . Typical Doppler-sensitive waveforms include Costa waveforms [26] , m-sequence [27] , and polyphase sequence [28] .
In this paper, we focus on an underwater acoustic communication system using zero-padded orthogonal-frequency division-multiplexing modulation (ZP-OFDM), in which pilot subcarriers and null subcarriers are usually multiplexed with data subcarriers for channel estimation and April 6, 2012 DRAFT residual Doppler shift mitigation, respectively [4] . A cyclic prefixed (CP) OFDM preamble is inserted prior to data transmission for detection, synchronization and Doppler scale estimation [29] . This transmission format, as shown in Fig. 2 , has been implemented on DSP-based OFDM modem prototypes [30] .
By exploiting the cyclic repetition structure of the CP-OFDM preamble, a blind estimation with a bank of self-correlators was proposed in [29] . However, it does not leverage the knowledge of the waveform itself which is known to the receiver. Taking this method as the first approach, one can easily construct the following Doppler scale estimators for the OFDM transmission in Fig. 2 .
• Cross-correlation with the CP-OFDM preamble: Given the Doppler sensitivity of the OFDM waveform, a bank of cross-correlators can use the pre-scaled versions of the CP-OFDM waveform as local replicas.
• Pilot-aided method for each ZP-OFDM block: By taking the waveform constituted by the pilot-subcarrier components as a replica of the transmitted signal, the Doppler estimation method using a bank of cross-correlators is directly applicable.
• Null-subcarrier based blind estimation method for each ZP-OFDM block: As an extension of the blind carrier frequency offset (CFO) estimation method [31] , the receiver rescales the received waveform with different tentative Doppler scaling factors, and uses the energy on the null subcarriers to find the best fit.
• Decision-aided method for each ZP-OFDM block: Once a ZP-OFDM block is successfully decoded, the transmitted waveform corresponding to this block can be reconstructed at the receiver. Taking the reconstructed waveform as a local replica, the Doppler estimation method using a bank of correlators can be deployed to refine the Doppler scale estimation for this block. The refined Doppler scale estimate can be passed to the next block.
The contributions of this paper are the following.
• We carry out extensive performance comparisons among the aforementioned Doppler estimation methods. Specifically, we focus on the OFDM transmission format in Fig. 2 As a performance benchmark, the Cramer-Rao lower bound (CRLB) is also included for single-path channels.
• We extend our investigation to a multiuser OFDM setting, where different users could have different Doppler scaling factors [32] . Simulation results show that the correlation based methods are robust to the multiuser interference, while the blind method suffers severe performance degradation.
The rest of this paper is as follows. Different Doppler scale estimation methods for CP-OFDM and ZP-OFDM waveforms are presented in Sections II and III, respectively. Simulation results of these methods are provided in Section IV, and experimental results are provided in Section V. Extension to the multiuser scenario is described in Section VI. Conclusions are contained in Section VII.
II. DOPPLER SCALE ESTIMATION WITH A CP-OFDM PREAMBLE
Consider a CP-OFDM preamble structure in Fig. 2 , which consists of two identical OFDM symbols of length T 0 and a cyclic prefix of length T cp in front, with the embedded structure
Let B denote the system bandwidth, and define K 0 := BT 0 as the number of subcarriers. The baseband CP-OFDM signal is
where d [k] is the transmitted symbol on the kth subcarrier, and q(t) is a pulse shaping window,
The passband signal can be obtained asx cp (t) = 2Re{x cp (t)e j2πfct }, where f c is the center frequency.
Consider a multipath channel which consists of N pa paths
where A p (t) and τ p (t) denote the amplitude and delay of the pth path, respectively. Throughout this paper, we assume that the amplitude is constant within each OFDM block (about 200 ms for the system considered in this paper), i.e., A p (t) ≈ A p , which leads to
After transmitting the passband signalx cp (t) through the multipath channel, the received passband signalỹ(t) is converted to baseband as y(t) = LPF(ỹ(t)e −j2πfct ), where LPF denotes the low pass filtering operation.
A. Self-Correlation
If all the paths in the channel have the same Doppler scale factor
it is shown in [29] that the embedded structure in the received waveform becomes
which has a repetition period T 0 /(1 + a) regardless of the channel amplitudes.
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By exploiting the structure in (7), the time-of-arrival and the Doppler scale of the CP-OFDM symbol in the received signal can be jointly estimated via
which does not require the knowledge of the channel and the data symbols. This method can be implemented with a bank of self-correlators [29] .
B. Cross-Correlation
Rather than exploiting the structure of the CP-OFDM preamble, the cross-correlation based method can be used, since the transmitted preamble is known at the receiver. Taking the basic unit of duration T 0 as the template, the joint time-of-arrival and Doppler rate estimation can be achieved via
This can be implemented via a bank of cross-correlators, where the branch yielding the largest peak provides the needed Doppler scale estimate.
III. DOPPLER SCALE ESTIMATION WITH EACH ZP-OFDM BLOCK
As described in [4] , a ZP-OFDM signal design multiplexing pilot and null subcarriers with data subcarriers can effectively deal with fast channel variations. Assume that the ZP-OFDM system has K subcarriers. Let T denote the symbol duration, and T g the guard interval. The total OFDM block duration is thus T bl := T + T g . Denote S D , S P , S N as the non-overlapped sets formed by the data subcarriers, pilot subcarriers and null subcarriers, respectively, which
The baseband transmitted ZP-OFDM signal can be expressed by
where g(t) describes the zero-padding operation, i.e.
April 6, 2012 DRAFT y(t) as the received passband signal, whose baseband version is y(t) = LPF(ỹ(t)e −j2πfct ). The availability of null subcarriers, pilot subcarriers, and data subcarriers can be used for Doppler scale estimation.
A. Null-Subcarrier Based Blind Estimation
In [29] , the null subcarriers in ZP-OFDM system are exploited to perform carrier frequency offset (CFO) estimation. Here in this paper, the same principle is used to estimate Doppler scale factor.
Assume that coarse synchronization is available from the preamble. After truncating each ZP-OFDM block from the received signal, we resample one block with different tentative scaling factors. The total energy of frequency measurements at null subcarriers are used as a metric for the Doppler scale estimation
For each tentative a, a resampling operation is carried out followed by fast Fourier transform.
A one-dimensional grid-search leads to a Doppler scale estimate.
B. Pilot-Aided Estimation
As introduced above, a set of subcarriers S P is dedicated to transmit pilot symbols. Hence, the transmitted waveform x zp (t) is partially known, containing
The joint time-of-arrival and Doppler scale estimation is achieved via
which can be implemented via a bank of cross-correlators.
C. Decision-Aided Estimation
For an OFDM transmission with multiple blocks, the Doppler estimated in one block can be Similar to the pilot-aided method, the decision-aided method performs the joint time-of-arrival and Doppler scale estimation via
which again, is implemented via a bank of cross-correlators. The estimatedâ can be used for the resampling operation of the next block.
Remark 1:
Relative to the pilot-aided method, the decision-aided method leverages the estimated information symbols, thus is expected to achieve a better estimation performance.
Assuming that all the information symbols have been successfully decoded, the decision-aided method has knowledge about both the data and pilot symbols. Let |S P | and |S D | denote the numbers of pilot and data symbols, respectively. Using the templatex zp (t) constructed from (|S P | + |S D |) known symbols for cross correlation achieves a 10 log 10 ((
power gain in terms of noise reduction, relative to that using the template x pilot (t) constructed from |S P | known symbols.
IV. SIMULATION RESULTS
The OFDM parameters are summarized in Table I Three UWA channel settings are tested. 
• Channel Setting 2: A multipath channel with N pa = 15 paths, where all paths have one common Doppler scaling factor
• Channel Setting 3: A multipath channel with N pa = 15 paths, where each path has an individual Doppler scaling factor
The inter-arrival-time of paths follows an exponential distribution with a mean of 1 ms. The mean delay spread for the channels in (17) and (18) 
where c = 1500 m/s is the sound speed in water. In channel settings 1 and 2, the Doppler speed In channel settings 1 and 2, the ground truths of v and a are known. We adopt the root-meansquared-error (RMSE) of the estimated Doppler speed as the performance metric,
which has the unit m/s. In channel setting 3, different paths have different Doppler scales, while the Doppler scale estimator only provides one estimate. RMSE is hence not well motivated.
With the estimated Doppler scale to perform the resampling operation, we will use the blockerror-rate (BLER) of the ZP-OFDM decoding as the performance metric.
A. RMSE Performance with CP-OFDM
For the single-path channel, Fig. 3 shows the RMSE performance of two estimation methods at different SNR levels. One can see a considerable gap between the self-correlation method and the cross-correlation method, while in the medium to high SNR region, both methods can provide a reasonable performance to facilitate receiver decoding.
For the multipath channel with a single Doppler speed, Fig. 3 shows the RMSE performance of two estimation methods. One can see that the cross-correlation method outperforms the selfcorrelation method considerably in the low SNR region. However, the former suffers an error floor in the high SNR region, while the later does not. Relative to the RMSE performance in the single-path channel, a considerable performance degradation can be observed for the cross-correlation method in the multipath channel, whereas the performance of the self-correlation method is quite robust. The reason for the difference lies in the capability of the self-correlation method to collect the energy from all paths for Doppler scale estimation, while the cross-correlation method aims to get the Doppler scale estimate from only one path, the strongest path. Fig. 4 shows the RMSE performance of three estimation methods for ZP-OFDM in single-path channels. In the low SNR region, one can see that the decision-aided method is the best, while the null-subcarrier based blind method is the worst. As discussed in Remark 1, the decision-aided method achieves 10 log 10((|S D | + |S P |)/|S P |) ≈ 6 dB power gain relative to the pilot-aided method. In the medium and high SNR region, the pilot-aided method suffers an error floor due to the interference from the data subcarriers, and the null-subcarrier based blind method gets a good estimation performance. The Cramer-Rao lower bound (CRLB) with a known waveform is also included as the performance benchmark, whose derivation can be carried out similar to [34] , [35] . randomly generated. The RMSE corresponding to each method is calculated by averaging the estimation error over multiple realizations. Again, one can see that in the low SNR region, the decision-aided method has the best performance, while the null-subcarrier based blind method is the worst. Different from the performance in the single-path channel, the decision-aided method has an error floor in the high SNR region, since it only picks up the maximum correlation peak of one path. On the other hand, the null-subcarrier method has robust performance in the presence of multiple paths.
B. RMSE Performance with ZP-OFDM

C. Comparison of Blind Methods of CP-and ZP-OFDM
The self-correlation method for the CP-OFDM preamble is closely related to the null-subcarrier based blind method for ZP-OFDM. This can be easily verified by rewriting (2) as
where
when k is even. The cyclic repetition pattern in (1) is generated by placing zeros on all odd subcarriers in a long OFDM symbol of duration 2T 0 . Hence, the self-correlation implementation could be replaced by the null-subcarrier based implementation for the CP-OFDM preamble. typically when it's lower than 0 dB, the null-subcarrier based method in CP-OFDM system has a better performance than that in the ZP-OFDM system, which is due to the fact that CP-OFDM system has 512 null subcarriers, more than 96 null subcarriers in the ZP-OFDM block. At high SNR, the null subcarrier based method in ZP-OFDM has better performance. The possible reason is that null subcarriers in ZP-OFDM are distributed with an irregular pattern, which could outperform the regular pattern in the CP-OFDM preamble.
D. BLER Performance with ZP-OFDM
With channels generated according to the channel setting 3, Fig. 7 shows the simulated BLER performance, where the received OFDM blocks are resampled with the Doppler scale estimates from different estimators and processed using the receiver from [4] and the LDPC decoder from [33] . At each SNR point, at least 20 block errors are collected.
It is expected that the OFDM system can only work when the useful signal power is above that of the ambient noise. Regarding the simulation results in Fig. 5 , one can see that all the methods can reach a RMSE lower than 0.1 m/s. Hence, it is not surprising that these methods lead to quite similar BLER results as shown in Fig. 7 . This observation is consistent with the analysis in [29] that an estimation error of 0.1 m/s introduces a negligible error. The CP-OFDM and ZP-OFDM parameters and signal structures are identical to that in the simulation, as listed in Table I . Clearly, the Doppler speed fluctuates from block to block. Fig. 9 shows the estimated channel impulse responses for two ZP-OFDM blocks from two data sets, where the time interval between these two data bursts is more than 1 hour. The channels have a delay spread about 20 ms but with different delay profiles.
Based on the recorded files, we carried out two tests. 
A. Test Case 1
In this test, we focus on one single file (file ID: 1750155F1954 C0 S5), and compare the RMSE performance of different approaches by adding artificial noise to the recorded signal.
The ground truth of the Doppler scale factor is not available. When computing the RMSE using 
B. Test Case 2
In this test, we compare the BLER performance of an OFDM receiver where the resampling operation is carried out with different Doppler scale estimates from different methods. users could be quite different, even with opposite signs [32] . We now investigate the performance of different Doppler scale estimation methods in the presence of multiuser interference. We will use the ZP-OFDM waveform as the reference design; similar conclusions can be applied to the CP-OFDM preamble. Only simulated data sets are used in the following tests.
A. Pilot-and Decision-aided Estimation
We simulate a two-user system. Each user generates a multipath channel according to channel setting 2 independently. The positions of pilot, null, and data subcarriers are the same for different users. The pilot and data symbols of different users are randomly generated and hence are different. 
B. Null-Subcarrier Based Blind Estimation
The null-subcarrier based blind estimation method exploits the transmitted OFDM signal structure. Since all the users share the same positions of null subcarriers, there is a user-association problem even when multiple local minimums are found. We simulate a two-user system where Fig. 13 demonstrates both successful and failed cases using the objective function in (12) . The objective functions in the single-user settings are also included for comparison. One can see that the multiuser interference degrades the estimation performance significantly. Hence, although the blind method developed for the single user case can be used to co-located MIMO-OFDM as in [10] , it is not applicable to distributed MIMO-OFDM where different users have different Doppler scales.
VII. CONCLUSION
This paper compared different methods for Doppler scale estimation for a CP-OFDM preamble followed by ZP-OFDM data transmissions. Blind methods utilizing the underlying signalling structure work very well at medium to high SNR ranges, while cross-correlation based methods can work at low SNR ranges based on the full or partial knowledge of the transmitted waveform.
All of these methods are viable choices for practical OFDM receivers. In a distributed multiuser April 6, 2012 DRAFT 
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